The sudden pressure rise produced by glottal closure in the subglottal tract during vocal fold oscillation causes a flow transient which can be computed as a water hammer effect in engineering. In this article, we present a basic water hammer analysis for the trachea and the supralaryngeal tract under conditions which are analogue to those operating during voice production. This approach allows predicting both, the intra-oral and intra-tracheal pressure fluctuations induced by vocal fold motion, as well as the airflow evolution throughout the phonatory system.
Introduction
Water hammer, also referred to as pressure surges or fluid transients in pipelines, is an oscillatory form of unsteady flow generated by sudden changes due to the rapid closing or opening of valves, or due to a pumping action. The term 'water hammer' was first coined to refer to the large transient pressure variations causing damage to liquid-filled pipe systems, but it later acquired a generality which nowadays makes it applicable to all types of transient flow in pipelines. Conventional water hammer analyses provide information under operational conditions on two unknowns: pressure and velocity within a pipe system. The pipe system is ordinarily supposed to be rigidly anchored and the source of fluid transients is usually handled as a kinematic condition for the flow, as is common in aero-elasticity problems. Effects such as unsteady friction, acoustic radiation to the surroundings or fluid structure interaction are not taken into account in the standard theory of water hammer, but have been considered in the context of a more general approach (Skalak, 1956; Tijsseling, 1996) . In particular, fluid structure interaction (FSI) can be presented as an extension of conventional water hammer theory that includes mechanisms acting both all along the entire pipe (such as axial stresses in the pipe) and at specific points in the pipe system (such as unrestrained valves, bends or tees). The water hammer theory has been proposed to account for a number of effects in biofluids under mechanical stress, as in the case of the origin of Korotkoff sounds during blood pressure measurement (Chungcharoen, 1964; Allen et al., 2004) , or the development of a fluid-filled cavity or syrinx within the spinal cord (Chang and Nakagawa, 2003) .
In the voice production system, the human vocal folds act as a valve (Fletcher, 1993) which induces pressure waves at a specific 'point' in the airways (the glottis), through successive compressing and decompressing actions (the glottis opens and closes repeatedly). Ishizaka was probably the first to advocate in 1976 the application of 0167-6393/$ -see front matter Ó 2008 Elsevier B.V. All rights reserved. doi:10.1016/j.specom. 2008.10.004 the water hammer theory to the phonatory system, when discussing the input acoustic impedance looking into the trachea (Ishizaka et al., 1976) . More recently, the water hammer theory was invoked in the context of tracheal wall motion detection (Burnett, 2002) . The analogy between the system trachea-glottis and the system pipe-valve is natural and direct. Extending the analogy to the supraglottal airways is however possible, even if these have a complex shape and behaviour, in particular during speech production. In fact, the vocal tract is often modelled as a tube of variable cross sections. This allows integration of the whole phonatory system in a single pipeline intercepted by a valve, and renders the water hammer theory applicable from the trachea to the mouth. To our knowledge, the water hammer theory has not been previously implemented to predict simultaneously intra-tracheal and intra-oral pressure and flow. The aim of this work is to remedy this omission and to highlight the interesting aspects that result from applying the water hammer theory to the complete phonatory system. This task can be performed at different levels of complexity according to the version of the water hammer theory that is applied, and according to the settings used to define the pipe system. Here we will adopt a static pipeline and we will implement the two-equation version (according to the nomenclature used in (Tijsseling, 1996) ) sometimes referred to as basic water hammer, in order to reproduce the results obtained with the customary description of the vocal tract. For these purposes, the action of the glottis will be translated into a valve operation that generates a fluid transient in the pipe system, with a prescribed open-close manuvre repeated at a constant frequency (the fundamental frequency of the voiced sound). Such a prescription is typical of forced oscillation glottal models (Alipour and Scherer, 2004) . This simple treatment naturally excludes the analysis of the conditions under which the self-sustained oscillations of the valve are initiated and maintained (Lucero, 1999) , since the structural dynamics is not computed but imposed. Indeed, in the extended water hammer theory, a self-oscillating glottis would rather be represented by a junction coupling with FSI, since the intravalvular pressure distribution causes the valve to move and the motion of the valve induces pressure waves in the fluid which in turn influence the motion of the valve. On the other hand, it might be particularly interesting to test the performance of a water hammer analysis on a dynamic (supralaryngeal) pipeline simulating speech production, i.e. the production of sequences of vowels and consonants.
In this work, we shall restrict our discussion to the production of a sustained vowel in the basic water hammer case. The analysis we present should therefore not be expected to improve the results obtained with other 1D voice production models, but to reproduce them by an alternate and well established procedure. This procedure has the advantage of providing a simplified but less indirect prediction of voice generation, in the sense that it does not require the introduction of a wave emitter model based on an acoustic analogy (Hirschberg, 2001) as done in most vocal fold models.
The structure of the article is as follows: a background on voice production modelling is given in Section 2 and a review of the basic concepts involved in water hammer theory is presented in Section 3. In Section 4, we present the application of the basic water hammer analysis to the production of a sustained vowel, under conditions and settings typically adopted in simplified vocal fold models. Section 5 shows the results of the analysis, with the prediction of intra-tracheal and intra-oral pressure and flow, compared to those obtained with a simple vocal fold model. Section 6 contains conclusions and perspectives.
Background on voice production modelling
In flow-induced sound production problems, the most common strategy is to consider sound generation and sound propagation separately, due to the large difference in time, length, and pressure scales involved in sound generation and transmission. Voice production is an example in which sound generation is more or less decoupled from the acoustic transport process, so that the flow equations can be conveniently tailored in each case. Fluid flow through the glottis (responsible for sound generation) behaves as a locally incompressible flow with thin but non-negligible boundary layers, while fluid flow in the vocal tract (responsible for sound transmission) is compressible and reasonably described by the linearized Euler equation or simply by the plane wave equation. The standard procedure is therefore to solve for the flow and the acoustics separately, relying on some assumption that relates the flow through the source (the glottis) with the input sound pressure at the resonator (the supraglottal tract). The subglottal tract is seldom considered.
There have been many detailed studies of the flow and the acoustics involved in voice production. The flow picture through glottis and supraglottal tract used in the now classic two-mass model of Ishizaka and Flanagan (1972) is the result of a considerable number of assumptions that, since then, have been thoroughly revisited and reconsidered. Much effort has been devoted in particular to correct the glottal flow model, which needs to capture flow separation and turbulent dissipation of the jet that is formed at the glottal exit (Pelorson et al., 1994; Sciamarella and Le Quéré, 2007) . On the other hand, the vocal tract is satisfactorily described in terms of linear acoustical properties. For the analysis of these acoustical properties, it is usually assumed that the wave motion in the tract is approximately planar, that the effects of viscosity are negligible, and that the vocal tract has rigid walls. Most 1D models represent the vocal tract as an acoustic tube of varying cross sectional area, approximated by a number of concatenated cylindrical sections. The properties of each section are included by using either a transmission line analogy (each section is represented by an equivalent T net-work) or a waveguide model (each section is a waveguide with boundary reflections observed at either end).
In this kind of voice production models, sound generation is predicted outside the flow, in the sense that the resonator subsystem accounts for the propagation of an already generated sound pressure, while the source subsystem accounts for non-acoustic flow motion. The stress is laid on vocal fold dynamics and sound propagation. An auxiliary model is therefore missing to predict sound generation at the connection between the glottis and the resonator. In other words, it becomes necessary to convert the volume flow at the glottal exit into an input sound pressure at the vocal tract entrance. This connecting model is necessarily a sound source model within the vocal fold model, introduced to express the generated pressure fluctuations in terms of the fluid dynamical variables at the glottal exit. The glottis is often approximated by a classic one dimensional monopole in a duct, an assumption that disregards the interaction between vortical structures and the velocity field; but further assumptions are still necessary to write the velocity fluctuations in terms of the glottal flow. Actually, there is some diversity in the final expression adopted for the input sound pressure in vocal fold models (Ishizaka and Flanagan, 1972; Titze, 1993; Lous et al., 1998) . This expression involves a certain function of the glottal flow and its derivative (in general, a combination of linear, quadratic and piecewise linear functions). The reason for this diversity is that the sound field is a small perturbation of the flow and approximate solutions differ considerably depending on the assumptions that are involved.
If the fluid dynamical properties of the flow at the glottis are somehow experimentally assessed (Mongeau et al., 1997) , and if they can be condensed in a law that contains the effects of the mechanical action of the vocal folds (or the glottal valve operation), the voice production problem bears more than a passing resemblance with basic water hammer problems. Notice that a water hammer analysis applied to voice production in this manner will depend, at the place of the sound source model mentioned above, on the characterization of the valve operation. However, we may say that in such an analysis the pressure fluctuations will be predicted inside the flow, i.e. without imposing a wave emitter model at the glottal exit. The water hammer theory allows to encompass sound generation and transmission along the phonatory system in a simple and straightforward calculation, provided that the action of the glottis as a flow-controlling valve can be prescribed.
A review of basic water hammer
Several authors have contributed to the present water hammer theory from the 19th century onwards (Tijsseling, 1996) . Among them, Joukowsky (1900) conducted a systematic study of the water distribution system in Moscow and derived a formula that bears his name:
This formula relates pressure fluctuations ðDP Þ to velocity changes ðDU Þ by a constant factor qc, where q is the mass density of the fluid and c the velocity of sound in the fluid. The expression for c in the case of confined fluids was first derived to predict standing waves in musical instruments and pulsatile flows in blood vessels. For a compressible fluid in an elastic tube, c depends on the bulk elastic modulus of the fluid K, on the elastic modulus of the pipe E, on the inner radius of the pipe D 0 , and on its wall thickness e:
The water hammer equations are some version of the compressible fluid flow equations. The choice of the version is problem-dependent: basic water hammer neglects friction and damping mechanisms, classic water hammer takes into account fluid wall friction, extended water hammer allows for pipe motion and dynamic FSI (Blade et al., 1962; D'Souza and Oldeburger, 1964; Wood, 1968) . The method of characteristics (MOC) is the standard numerical method for solving the water hammer equations (Wylie and Streeter, 1993) . For basic water hammer, the 1D equations are
where U is the velocity, t is the time and z is the distance along the pipe. In basic and classic water hammer problems, the valve operation inducing the transients is neither modelled nor computed: it is injected as input data. To this end, an accurate assessment of the pressure-flow-position behaviour of the valve is required. The energy losses introduced in the system by the valve, are normally prescribed by means of an empirical law in terms of a loss coefficient. This coefficient, ordinarily determined under steady flow conditions, is known as the valve discharge coefficient, especially when the pipeline is terminated by the valve. It enables to quantify the flow response in terms of the valve action through a relationship between the flow rate and transvalvular pressure for each opening position of the valve. The discharge coefficient provides the critical piece of missing information for the water hammer analysis. Because the existing relationship between transvalvular pressure and flow rate is often a quadratic law type, the empirical coefficient is defined in terms of the squared flow rate.
For further reading, a detailed review of water hammer theory and practice is given in (Ghidaoui et al., 2005) . Fundamentals can be found in the classical textbook of Streeter and Wylie (1967) , as well as in (Streeter and Wylie, 1974) .
Water hammer analysis of a sustained vowel-like sound
Four steps are necessary to adapt the basic water hammer procedure to the application we are concerned with: (4.1) characterizing the pipeline; (4.2) obtaining an expression for the discharge coefficient of the valve; (4.3) prescribing the dynamics of the valve operation; and if necessary; (4.4) defining some form of feedback.
Let us recall that this approach differs with respect to vocal fold models in the non minor point that the intravalvular dynamics is reduced to a single point where a mechanical action is prescribed. As a result, there is neither the need to reconcile fluid flows of different types, nor the need to place an acoustic wave emitter at the valve to account for sound generation. The scenario is a single fluid line responding to a valve operating at a specific point within the line. It is worth noting that water hammer flows are not restricted to the analysis of fluid lines (Zhao and Ghidaoui, 2003; Zhao et al., 2007) . It is our choice in this paper to present the simplest possible application of the water hammer theory to the voice production system. The only 'higher dimensional' ingredients that may be present in this scheme are those captured experimentally at the glottal level by the empirical coefficient that condenses the fluid dynamical effects of the valve operation.
The pipeline
The pipeline representing the airways involved in phonation can be quite complex if one includes a relatively realistic supraglottal configuration with, for instance, the cavity defined by the ventricular bands or the bifurcation leading to the nose. Here we will resume the settings and configurations used in simplified models to produce sustained vowels.
Let us consider a reservoir-pipe-valve-pipe system, corresponding respectively to the lungs, the trachea, the glottis and a non-bifurcated vocal tract. In water hammer practice, it is typical to characterize the geometry of the pipeline as a tube with piecewise constant cross sectional areas. This is how the pipeline was characterized by Korteweg to derive expression (2). These settings are also adopted in the usual acoustic-tube representation of the vocal tract. We will adopt the simple geometry sketched in Fig. 1 , which roughly approximates with two sections the configuration of the vocal system necessary to produce a vowel with lip rounding (a very rough approximation of vowel /u/).
The wall properties of the pipeline (elastic modulus, inner radius and thickness) are available in the literature, both for the trachea and the vocal tract. We calculate the wave speed using expression (2) with values for E; D 0 and e following (Miller et al., 2007; Hermawan et al., 2004) for the trachea and (Dang, 2004) for the vocal tract. The resulting wave speed in the vocal tract is almost equivalent to sound speed in air, whereas the wave speed in the trachea can be somewhat lower: 200 m/s (in contrast to the 350 m/s of the vocal tract). The (small) variations of the wave speed in the two vocal tract sections will be neglected, as in most simplified vocal fold models.
To set the boundary conditions at the pipeline inlet, we will consider a (lung) pressure of 800 Pa. Downstream, at the pipeline outlet (lips) we will consider a discharge into an infinitely large space with an exit loss proportional to the square velocity of the flow at the outlet (Spurk, 1997) . As mentioned in the introduction, the standard water hammer theory is not intended to predict pressure and flow outside the pipeline. This boundary condition is adopted to produce the correct level of loss within the pipe system. In fact, an estimate of the radiated speech sound would require some kind of radiation model at the tract exit. Inside the pipeline, the action of the valve and the cross sectional sudden variations of the pipe (in our example, the contraction at the second section of the tract near the exit) are set as additional internal boundary conditions. The initial condition is an airflow starting from a quiescent state and a closed valve. The opening valve triggers the system response and maintains a forced periodic oscillation at a fixed frequency (in correspondence with a sustained voiced sound).
The valve discharge coefficient
The loss coefficient at the vocal folds may be obtained from in vitro experiments. Let us borrow the results obtained by Mongeau et al. (1997) in an experiment designed to verify the accuracy of a sound source model to predict the sound pressure generated by the glottis. In particular, let us retrieve the expression for the static orifice flow resistance as a function of the Reynolds number:
with c 1 ¼ 3:89 Â 10 À1 1 ; c 2 ¼ À2:18 Â 10 À7 ; c 3 ¼ 4:19Â 10 À4 ; c 4 ¼ 5:75 Â 10 À1 . The Reynolds number is defined in terms of the volumetric flow rate Q 0 , the tracheal dimensions and the kinematic viscosity.
Certainly, a dynamic (non static) loss coefficient would be more appropriate since the flow is not really quasisteady at the vocal fold opening and closing instants. Such an unsteady loss coefficient could be gleaned, for instance, from an in silico experiment (Sciamarella and Le Quéré, 2007) , but this would forbid a discretionary choice for the valve dynamics, which should strictly mimic the dynamics used in the numerical simulation. Again, this work retains the standard option in basic water hammer trachea vocal tract L=10 cm L=15 cm L=2 cm =8 mm glottal valve φ =18 mm φ =18 mm φ Fig. 1 . Pipe-system geometry approximating the configuration of the vocal system used in the water hammer analysis. practice and assumes that the valve discharge coefficient measured under steady flow conditions can be used in the unsteady pressure and flow analysis. The expression for the glottal discharge coefficient D g that is consistent with the empirical flow resistance in (5) is:
where A g ¼ A g ðtÞ is the area at the valve (the glottal area) and Q 0 is the volumetric flow rate.
The valve operation
The glottis is reduced to a punctual dynamic valve which periodically blocks the airway in the pipeline (when vocal folds collide). For the sake of consistency, let us adopt the same area function used to determine the discharge coefficient D g experimentally. The orifice area is approximated in (Mongeau et al., 1997) by the equation:
where A g max ¼ 15 mm 2 and t 0 is the opening time of the orifice at the beginning of the duty cycle.
This area waveform corresponds to a valve mechanics with one degree of freedom. The area waveform seen by a flow encountering a valve which flaps with a phase lag between the upper and low vocal fold margins as in twomass vocal fold models ðA M2M g ðtÞÞ may be adopted in its place, if one desires to represent a more realistic valve mechanics (with two degrees of freedom) (Ishizaka and Flanagan, 1972) .
The inclusion of feedback
Vocat tract feedback is the name given to the retroaction of pressure fluctuations in the vocal tract on the flow through the vocal folds. A combination of the law prescribing the dynamics of the valve operation and the valve discharge coefficient suffices to determine the glottal flow which enters the supraglottal duct. This value can be easily updated to include the pressure reverberations occurring in the pipeline, before it is reconsidered in the following step of the time marching numerical algorithm which solves for the flow.
This procedure is standard in vocal fold models which aim at producing realistic flow signals. In order to adapt the water hammer theory to the problem we are discussing, we will make allowances to work with or without feedback. Just as in conventional two-mass models, including feedback will introduce qualitative differences in the resulting flow waveforms.
Results
The results of the basic water hammer analysis applied to the system in Fig. 1 and under the conditions detailed in the previous section, are presented in Figs. 2 and 3 . Fig. 2 shows the intra-tracheal and intra-oral pressure fluctuations during a glottal cycle, which corresponds in this context to a single open-close manuvre of the vocal valve, associated to the prescription of the orifice area (dashed line).
From the very first cycle, the glottal valve sets up pressure waves that propagate upstream and downstream along the trachea and the vocal tract respectively (rarefaction and compression in the subglottal and supraglottal regions). This pattern is repeated at a frequency of 100 Hz. The pressure drop at the glottal valve is clearly visible. Fig. 3 shows the airflow velocity along the pipeline corresponding to the same glottal cycle. The discontinuity in U ðzÞ before the lips corresponds to the narrower 2 cm section used in the analysis.
In order to compare these results with those obtained with a standard vocal fold model, it is possible to perform the same water hammer analysis with a valve operation law in which the area function corresponds to the minimal section of the glottal channel determined by the two-mass positions calculated by the a two-mass vocal fold model. In general, two-mass models predict a (relatively slow) oscillation onset of the vocal folds, but after this initial transient the mass positions that determine the glottal profile (and hence the area at the glottis) oscillate periodically with a waveform A M2M g ðtÞ. This area waveform is slightly skewed with respect to the sinusoidal waveform A g ðtÞ of expression (7).
A comparison between the predictions of both models is shown in Fig. 4 . The two-mass model we are using to calculate the grey functions is the symmetrical version without subglottal loading presented in (Lous et al., 1998) and analysed in (Sciamarella and D'Alessandro, 2004) . The parameters controlling the vocal folds in the two-mass model (masses, tensions, rigidity) are set to obtain a signal of 100 Hz for a subglottal pressure of 800 Pa, in accordance with the settings adopted for the water hammer flow. The vocal tract configuration in the two-mass model is also chosen to coincide with that of Fig. 1 .
Notice that the initial transient in the two-mass model is essentially a structural transient, associated to the time needed for the mechanical system to attain self-sustained oscillations: it takes about two cycles for the modelled vocal folds to start oscillating regularly. Instead, the initial transient in the water hammer predictions is a fluid transient, associated to the time needed for the feedback effects from trachea and tract to define a stable glottal flow waveform. This stable regime is attained after one cycle. Beyond this initial transient, both curves (pressure and flow) are in good agreement with the predictions of the vocal fold model. The small differences between the water hammer and the two-mass model flow curves are basically due to the absence of subglottal load in the two-mass model. Note that the glottal flow waveform is slightly more irregular for the water hammer flow, in agreement with this 'double feedback' from trachea and vocal tract. Let us also recall that the water hammer flow is calculated with an experimental glottal discharge coefficient, which explains the small departure between both pressure curves. The effect of feedback on the flow signals is often evaluated by visualizing the formant ripples in the glottal flow derivative (see Fig. 5 ). These ripples are not smoothed because the effects of friction are neglected in basic water hammer. As expected, they vanish altogether if source-filter separation is enforced, i.e. if the feedback process detailed in section (4.4) is forbidden. Finally, Fig. 5 also shows how water hammer flow is sensitive to the glottal valve operating law, and in particular to the symmetry of the area waveform with respect to the opening and closing phases. This confirms that the output in the water hammer case will be strongly dependent on the characterization of the valve. In view of these results, it would also be interesting to prescribe an experimentally determined glottal area waveform, obtained for instance by videostrobolaryngoscopy (Woo, 1996) .
Conclusion and perspectives
In this work, we resume the observation made by Ishizaka in 1976 that water hammer theory can be relevant to describe certain aspects of voice production, and we consider how this analysis of flow transients can be applied to predict simultaneously intra-tracheal and intra-oral pressure and flow within the phonatory system.
We present a brief outline of water hammer theory at different levels of complexity and sketch some guidelines for its applicability to the case of phonation. It is argued that the extended water hammer theory could provide an interesting perspective to analyse voice production in a more realistic basis, including for instance, fluid-structure interaction and articulatory dynamics, while in its simplest version, the water hammer approach is basically equivalent to that of simple physics-based voice production models. This work focuses on the application of the basic water hammer equations to a pipeline system with settings and conditions similar to those adopted in simplified vocal fold models.
The phonatory system is presented as a pipeline fed by an infinite reservoir (the lungs) and intercepted by a valve (the glottis) which opens and closes repeatedly (vocal fold vibration) causing rapid changes in the flow conditions. The analysis reproduces the typical pressure and flow waveforms in the case of a sustained vowel.
From a conceptual point of view, this basic water hammer analysis confirms in a straightforward manner that the main contribution to sound pressure in voice production is the result of the flow perturbations caused by the action of the glottal valve, which explains why the assumption of an acoustic monopolar source used in simplified vocal fold models is a good approximation to the vocal sound source.
The water hammer theory provides an effective tool to predict sound generation, transmission and reflection throughout the phonatory system in a single analysis and with a well established procedure. Since the theory is not restricted to the simple case we have discussed, and is supported by a large body of work on applications involving problems of a degree of complexity which is comparable to that encountered in the speech production system, this work provides the basis for future research in this direction.
